We have previously shown that during repetitive patternreversal stimulation, lasting 2 min, the amplitude of the visual evoked potential (PR-VEP) increases in migraineurs when tested interictally whereas it decreases in healthy control subjects. According to Sappey-Marinier et al. (J Cereb Blood Flow Metab 1992; 12: 584-92 
Introduction
Visual disturbances are well-known clinical features of migraine. The migrainous aura is visual in 82% (Peatfield et al., 1981) to 90% (Rasmussen and Olesen, 1992) of cases, and the majority of migraine attacks are accompanied by photophobia. There is also evidence that visual function in migraineurs differs from those of normal subjects, even between attacks. For instance, migraine patients are more sensitive to environmental light stimuli (Hay et al., 1994) and they report more intense illusions and more discomfort after optical stimulation with grating patterns than normal subjects (Wilkins et al., 1984; Marcus and Soso, 1989) . The latter abnormality may be more pronounced in migraine with aura (MA) than in migraine without aura (MO) (Coleston, 1994) . MA patients react faster in tasks reflecting lowlevel visual processing which might be related to visual hypersensitivity (Wray et al., 1995 hinders most MA patients in detecting a target letter (Chronicle et al., 1995) and subtle deficits in chromatic processing can be found in these patients (Coleston and Kennard, 1994) . Most of the abnormalities reported in migraine reflect dysfunctions at the cortical level, but precortical visual processing may also be impaired (Coleston, 1994) . Both could, in part, be genetically determined.
Studies of the cortical visual evoked potential (VEP) have yielded contradictory results. Several investigators were unable to demonstrate differences between migraineurs and healthy control subjects, while others reported increased latencies or amplitudes in the headache-free interval (review by Schoenen, 1992) (Table 1) . In a previous interictal study of sequential blocks of pattern-reversal VEP (PR-VEP) in migraine, we found that the major difference between patients and healthy control subjects during 3.1 Hz stimulations Benna et al. (1985) No difference Polich et al. (19860 Mariani et al. (1988) Drake et al. (1990 ) Tagliati et al. (1995 ↑P100 latency Kennard et al. (1978) ↑P100 latency Kennard et al. (1978 ) Khalil (1991 Khalil (1991) ↑P100 amplitude Diener et al. (1984) ↑P100 amplitude Khalil (1991 ) Khalil (1991 (migraines for Ͻ10 years) ↓P100 amplitude Diener et al. (1989) lasting 2 min was an amplitude increase, i.e. a potentiation of the response in the patients contrasting with habituation in the control subjects, rather than differences in amplitude of the grand average potential . During continuous checkerboard stimulation in healthy control subjects, the initial stimulation-induced rise of lactate levels in the occipital cortex decreases when there is marked habituation of the VEP, i.e. after 10-12 min of stimulation (Sappey-Marinier et al., 1992) suggesting that habituation protects the visual cortex against overstimulation. We therefore thought it worthwhile to extend our first observations on relatively short periods of photic stimulation by another VEP study comparing migraineurs and healthy control subjects during stimulation lasting up to 15 min.
Methods Subjects
Sixty-five subjects took part in the study: 25 healthy control subjects recruited from hospital and laboratory staff (17 females and 8 males, mean age 30 years) and 40 out-patients with migraine recruited from a specialized headache clinic (31 females and 9 males, mean age 36 years). Patients had one to five attacks per month and the history of migraine ranged from 4 months to 30 years. None of them received prophylactic anti-migraine therapy. They were studied ജ5 days after the last attack and had been drug-free for ജ48 h. According to the criteria of the Headache Classification Committee of the International Headache Society (1988), 25 patients had exclusively migraine without aura (MO, code 1.1) and 15 migraine with aura (MA, code 1.2). In the MA group, two patients had an aura in 80% of attacks, while the other 13 patients experienced an aura in every attack. The healthy control subjects had no history of migraine or other types of headache. Informed consent was obtained from all subjects, and the study was approved by the Ethics Committee of The Faculty of Medicine, University of Liège, Belgium.
Experimental design and recordings
Recordings were done in a quiet room with dimmed light (30 lx). Subjects were seated in an armchair, 1 m in front of a television monitor (mean luminance 240 cd/m 2 , colour temperature 9500. Stimuli were presented as a checkerboard pattern of black and white squares subtending 8' of arc (contrast 80%) at a reversal frequency of 3.1 Hz. With one eye patched, subjects were instructed to fixate on a red point in the middle of the screen. Pin electrodes were inserted into the scalp in the midline over the occipital region 2.5 cm above the inion (Oz: active electrode) and over the frontal region (Fz: reference). The ground electrode was placed on the forearm. During uninterrupted stimulation, sequential blocks of 100 responses were averaged for a total duration of 15 min using a Cadwell 8400 averager (band pass 1-100 Hz, analysis time 300 ms).
Data analysis
The 15 blocks of 100 responses were analysed in terms of peak latencies and peak-to-peak amplitudes of the maximal negative and positive deflections determined by visual inspection. The N1 peak was defined as the most negative point between 60 and 90 ms after the stimulus, P1 as the most positive point following N1 between 80 and 120 ms and N2 as the most negative point following P1 between 90 (Fig. 1) . The average evolution of N1-P1 and P1-N2 amplitudes (over the blocks) during the 15-min study period was obtained for each subject by simple linear interpolation between consecutive measures. Groups were then compared two-by-two by Zerbe's method (Zerbe, 1979) ; this enabled us to compare mean response curves over any time interval with an F test in which degrees of freedom not only depend on the sample sizes but also on the time interval selected. To avoid interference with possible initial group differences, amplitudes in the individual blocks were expressed as a percentage change compared with the first block, and Zerbe's method was applied to such transformed data. Initial group differences were tested by classical oneway analysis of variance. Pearson's rank order correlation test was used to search for possible relations between duration of illness and attack frequency on the one hand, and amplitude changes in the 15th block of VEP averagings on the other hand.
All results were considered to be significant at the 5% level (P Ͻ 0.05), but a Bonferroni correction was applied for multiple comparisons.
Results
In all recordings, the N1, P1 and N2 VEP peaks were clearly identifiable. Latencies did not differ significantly between sequential blocks or between groups of subjects. By contrast, the initial N1-P1 amplitude and to a lesser degree the P1-N2 amplitude measured on the first block of 100 responses tended to be lower in both types of migraineurs compared with healthy control subjects (Table 2) . Differences, however, were not statistically significant (P ϭ 0.068 and 0.45, respectively).
During the 15 min of visual stimulation, N1-P1 amplitudes decreased progressively in healthy control subjects (Fig. 2) . In the last two blocks, the amplitude decrease relative to the first block was -25.3% and -22.5%, respectively. A significant decrease in amplitude (exceeding the mean percentage values by Ͼ2 SEM) was found in all blocks from the fourth block on, except in block 6 (Table 2 ).
In the group of patients suffering from migraine without aura, the mean N1-P1 amplitude increased in the first 5 min of stimulation, reaching its maximum in the second block (10%). From the sixth block on, amplitudes were equal to or inferior to that of block 1, apart from that of block 9. However, even in blocks 14 and 15, where the amplitude decrease was most marked (-5% and -5.95%), the degree of change was out of proportion with that observed in healthy control subjects (Fig. 2) . Concordantly, none of the mean percentage changes in MO patients were statistically different from zero (Table 2) . The difference in N1-P1 amplitude changes over the 15-min time period, between healthy control subjects and the MO group, was highly significant (P ϭ 0.008).
In patients having migraine with aura, the N1-P1 amplitude was superior to that of the first block in all subsequent blocks (Fig. 2) . The amplitude increase was most prominent in the third block (23.4%), but it was also pronounced at the end of the stimulation period, reaching 14.6% in the 14th and 12.2% in the 15th block. Because of large standard errors, none of the changes recorded in the MA group could be considered significantly different from zero ( Table 2 ). The curves of healthy control subjects and MA patients proved to be significantly different using Zerbe's method (P ϭ 0.0005). Although MA patients showed a more pronounced increase in N1-P1 amplitude than MO patients, this difference did not reach significance (P ϭ 0.24).
Similar results were obtained by comparing the P1-N2 amplitudes between subject groups (Fig. 3) . Over the 15-min period of stimulation, the P1-N2 amplitude decreased progressively in the control group, with a maximum reduction in the 14th block (-21.9%) relative to the first block. Mean percentage changes were Ͼ2 SEMs in most blocks (exceptions were blocks 3, 4, 5 and 12-13) ( Table 2 ). In both groups of migraineurs there was a slight and stable amplitude increase over the total stimulation period, with a maximum of 13% in the 14th block in MO patients, and 11.9% in the ninth block in MA patients. None of the amplitude changes in sequential blocks exceeded the mean by 2 SEMs or were significantly different from zero. The difference in mean amplitude values over the total 15-min period of stimulation was statistically significant comparing MO patients and healthy control subjects (P ϭ 0.011), but just fell short of statistical significance between MA patients and control subjects (P ϭ 0.093). No statistical difference was found between the two groups of migraineurs (P ϭ 0.80).
There was no correlation between the degree of change in N1-P1 or P1-N2 amplitude in the last block and clinical parameters such as illness duration or attack frequency.
Discussion
In a previous PR-VEP study, based on periods of stimulation lasting 2 min, we showed that the normal habituation pattern was replaced by potentiation in migraineurs during the interictal period . The present study confirms these results and adds interesting new information.
During a long-lasting, continuous 15-min period of checkerboard stimulation there was a clearcut decrease of VEP amplitude, i.e. habituation, in healthy subjects. By contrast, migraineurs were characterized by a lack of VEP habituation; in most blocks of 100 averaged responses the amplitude was superior to that of the first block during the whole stimulation period. This amplitude increase relative to the basal block could not be considered significantly different from zero, mainly because of large standard errors. It tended to be most pronounced in the second block for N1-P1 and for migraine with aura, confirming our previous results with shorter periods of stimulation . Fig. 2 Changes in the averaged peak-to-peak N1-P1 amplitude during 15 min of continuous pattern-reversal stimulation expressed as a percentage of the initial amplitude in healthy control subjects (n ϭ 25) and migraine patients without (n ϭ 25) and with aura (n ϭ 15). Fig. 3 Changes in the averaged peak-to-peak P1-N2 amplitude during 15 min of continuous pattern-reversal stimulation expressed as a percentage of the initial amplitude in healthy control subjects (n ϭ 25), migraine without (n ϭ 25) and with aura (n ϭ 15) patients.
However, in this study, there was no significant difference between N1-P1 and P2-N2 amplitude changes in the same subject group, nor between the two groups of migraine patients.
During prolonged testing, the amplitude of the VEP can be affected by physiological mechanisms, such as drowsiness (for review, see Halliday, 1982) . Although arousal was not specifically assessed in our study, it seems unlikely that the differences in VEP patterns between healthy control subjects and migraineurs are due to a change in vigilance. Indeed, in normal subjects a progressive decrease in N1-P1 amplitude was found during prolonged checkerboard stimulation, in the absence of drowsiness, as assessed by a reaction time task (Skuse and Burke, 1992) . Moreover, in our previous study, using a 2-min period of photic stimulation, the VEP differences between control subjects and migraineurs were not altered by alerting the subjects with an arithmetic task. Thus, habituation of the VEP appears to be a physiological phenomenon in the visual cortex, which is defective in migraine between attacks.
Defective habituation in migraine patients between attacks is not limited to the processing of visual information. It has also been demonstrated for cortical auditory evoked responses (Wang et al., 1996) as well as for event related potentials, such as the novelty auditory P3a wave studied in a passive oddball paradigm , contingent negative variation (Kropp and Gerber, 1993) or visual evoked oddball P3 (Evers et al., 1997) . Lack of habituation during repeated stimuli could, in part, be responsible for the high amplitude of the averaged evoked (interictal) potentials in migraine, as reported for visual (see Table 1 ), auditory (Wang et al., 1996) and event related (Schoenen et al., 1985) potentials. If deficient habituation is a generalized dysfunction of information processing in migraine, two obvious questions arise. What might be its cause? Could it be relevant for migraine pathogenesis?
Habituation in the central nervous system has been studied in neuronal circuits of varying complexities (Sokolov, 1963; Thompson et al., 1979; Kandel et al., 1992) . There is circumstantial evidence that habituation and potentiation of cortical activity depend on the so-called 'state-setting, chemically addressed connections' that originate in the brainstem and involve serotonin, dopamine, noradrenaline, acetylcholine or histamine as transmitters (Mesulam, 1990) . Because of their diffuse innervation of sensory cortices, in particular of layer IV pyramidal cells and interneurons, and because of their regular, tonic, 'pacemaker' activity, serotonergic neurons in the raphe nuclei are ideal candidates for a modulatory role in cortical information processing (Jacobs and Azmitia, 1992) . Since serotonin is thought to play a pivotal role in migraine pathogenesis (review by Ferrari, 1992) , low interictal activity in the raphe-cortical serotonergic pathway could indeed be responsible for a low preactivation level of sensory cortices which, in models of competitive neuronal networks, causes both increased detection thresholds and a wider range of suprathreshold activation before reaching a saturation or 'ceiling' effect (Knott and Irvin, 1973; Hegerl and Juckel, 1993; Schoenen 1996) . This might account both for the deficient habituation and for the initially low amplitudes of visual (see Table 2 ) and other evoked, or event related, potentials in migraine Wang et al., 1995) . Only one other study has disclosed reduced PR-VEP amplitudes as well as reduced contrast sensitivity in migraine (Khalil, 1991 ) (see Table 1 ). These abnormalities were restricted to patients who had suffered from migraine with aura for Ͼ10 years and they would thus favour the hypothesis (Chronicle and Mulleners, 1994) that visual dysfunctions in migraine with aura might be secondary to a loss of inhibitory GABAergic interneurons in the visual cortex, due to repeated parenchymal insults during the aura. In our study, and in most previous electrophysiological (review by Schoenen, 1992) or functional studies of the visual system in migraine (Coleston, 1994; Chronicle et al., 1995; Wray et al., 1995) , no correlation was found with duration or severity of the disease. This does not support the thesis of an acquired dysfunction of the visual cortex, but rather suggests that the deficient VEP habituation and the functional visual abnormalities are congenital features. If abnormal genes, like the one recently identified for familial hemiplegic migraine (Ophoff et al., 1996) , also play a role in the commoner forms of migraine, the major functional consequence in the brain is likely to be modified activity in neurotransmitter systems including the subcorticocortical serotonergic pathway, since the identified gene codes for the ionophore of a P/Q calcium channel that controls transmitter release.
Whatever the exact cause of abnormal cortical information processing in migraine might be, the lack of habituation during repetitve stimulation may have deleterious consequences on the metabolic homeostasis of the brain parenchyma. Habituation is indeed thought to protect the cerebral cortex against sensory overload. Photic stimulation induces a rapid, though transient, excess of glycolysis over respiration, accompanied by a significant rise in lactate levels (Phelps et al., 1981; Fox et al., 1988; Prichard et al., 1991) . Using [ 1 H]NMR spectroscopy Sappey-Marinier et al. (1992) found that, during pattern-reversal visual stimulation in healthy control subjects, cortical lactate levels began to decrease only after the amplitude of the VEP had diminished by Ͼ50%, i.e. after Ϯ10-15 min, and they therefore concluded that the response habituation was an adaptive mechanism prohibiting an excessive increase in cortical lactate levels. If this mechanism is defective, such as in migraine patients, prolonged or repeated photic activation may induce a metabolic instability, including lactate accumulation, able to trigger spreading depression (review by Lauritzen, 1994) or a similar functional perturbation leading to an attack (Fig. 4) . The reduction of the mitochondrial phosphorylation potential demonstrated with [ 31 P]NMR spectroscopy (Welch et al., 1989; Barbiroli et al., 1992; Montagna et al., 1994; Sangiorgi et al., 1994) would, in addition, predispose the brain of migraineurs to such metabolic shifts. Interestingly, a recent [ 1 H]NMR spectroscopy study performed interictally in MA patients disclosed elevated lactate levels in the occipital cortex (Watanabe et al., 1996) . The precise relationship between physiological and biochemical abnormalities that prime the cerebral cortex for migraine can be studied during sensory activation by combining neurophysiological techniques with functional imaging, such as PET or NMR.
